Objective: To evaluate the contribution of iterative reconstruction on image quality of reduced-dose multidetector computed tomography of the thoracic aorta.
S
ince its introduction in the 1970s, computed tomographic (CT) technology has undergone dramatic advances that have revolutionized patient care and increased diagnostic accuracy in a wide range of clinical indications. These developments have led to an increase in the number of CT examinations, which in turn have raised concerns about radiation dose and patient safety. 1, 2 Computed tomographic angiography (CTA) of the thoracic aorta is routinely performed with or without electrocardiography (ECG) gating to evaluate aneurysms, dissections, and integrity of endovascular repairs. Several strategies have resulted in a reduction of radiation dose in CTA of the aorta. These include tube current modulation, tube voltage reduction, and application of body mass index-based protocols. 3 The use of prospective ECG triggering is another technique that can further improve image quality and help reduce radiation dose because it can result in 53.7 and 44.2% reduction in dose with 100 and 120 kVp, respectively, using similar tube current settings when compared with retrospective ECG-gated helical scanning. 4 Radiation dose from thoracic aorta CTA has been reported to be 2.9 and 26.2 mSv for prospectively and retrospectively gated CTA of the aorta, respectively. 5 Computed tomography radiation dose reduction can be achieved to a certain degree with these acquisition techniques but at the cost of increased image noise using the current filtered back projection (FBP) algorithms. 6 Recently, iterative reconstruction has become available in clinical settings as a novel method to reduce CT image noise when radiation dose has been reduced.
In the FBP technique, projections or views are constructed from the raw data. These projections are first filtered then back projected to form a 2-dimensional array of voxels that are allotted to a gray tone that is proportional to the average x-ray photon distribution of each voxel. 7 On the other hand, iterative reconstruction methods consist of 3 major steps. First, artificial raw data are created by a forward projection of the volumetric object estimate. This artificial raw data, in a second step, are compared with the real measured raw data to compute a correction term. In the last step, the correction term is back projected onto the volumetric object estimate. The iteration process can be initiated with an empty image estimate or using prior information. 8 An example of an iterative reconstruction that uses the image or slice data alone is iterative reconstruction in image space (IRIS). With this technique, the raw data are first reconstructed in the traditional fashion with the use of the FBP. This information is then forward projected with multiple iterations according to modeling of the noise data. 7 Although iterative reconstruction does not affect radiation dose directly, it might lead to less radiation exposure in CT imaging by maintaining diagnostic image quality despite low radiation dose image acquisitions. 9 The purpose of our study was to evaluate the image quality in multidetector computed tomography (MDCT) of thoracic aorta images acquired with standard and low-dose techniques and reconstructed with FBP and iterative reconstruction in an adultsized anthropomorphic phantom.
MATERIALS AND METHODS Image Acquisition
A custom anthropomorphic torso phantom was used to evaluate image quality of CT scans with varying tube voltages and tube currents (Fig. 1) . The phantom was scanned with tube potentials of 80 and 120 kVp at the same session. At each tube potential, we performed 5 acquisitions with fixed tube current settings of 10, 20, 40, 75, and 110 mAs (10 acquisitions in total). All images were reconstructed with both filtered back projection and iterative reconstruction algorithms. A total of 20 data sets were obtained. The CT attenuation coefficients of anatomic structures in this phantom are similar to those of previous studies with attenuation of aorta measuring 190 Hounsfield units (HU) at 120 kVp. 10 Phantom was scanned with Siemens Somatom Definition AS 64-detector CT scanner (Siemens Medical Solutions, Erlangen, Germany). Data sets were acquired using a helical scan with 3-mm slice thickness and 1.5 mm of slice intervals, detector collimation of 64 × 0.6 mm, pitch of 0.8, and a gantry rotation time of 0.5 seconds. The reconstruction kernels were B40f for FBP and I40f for IRIS.
The scan length was identical for all acquisitions. Image quality was evaluated quantitatively (described in detail in the Image Analysis section). Computed Tomography Dose Indexvolume and Dose Length Product were recorded for each acquisition. Effective dose was calculated using the following formula: Effective Dose = DLP × k[k = 0.014 mSv/(mGy × cm)].
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Image Analysis
For each data set, aortic attenuation, image noise, and image sharpness were measured. Mean aortic attenuation in HU was measured 3 times within the descending aorta at the level of the carina using circular regions of interest. The SD of each of these measurements was recorded as image noise. The mean of these measures was calculated as the mean aortic attenuation and mean image noise, respectively. The signal-to-noise ratio (SNR) was calculated by dividing the mean aortic attenuation value by the image noise.
Image Sharpness
Spatial resolution in CT, as a function of blurriness, is calculated by modulation transfer function as line pairs per 1 cm. To obtain the modulation transfer function, first, the line-spread function is calculated using a fine wire or narrow slits in dedicated image quality phantoms. Then, the modulation transfer function is mathematically derived from the line-spread function. 12 In our phantom, we calculated image sharpness by plotting the attenuation difference over distance between the simulated thoracic aorta and surrounding tissue interface and calculating the slope of the resultant curve. A similar approach to quantify image sharpness has been described in more complex methods for novel segmentation algorithms. 13 This quantifiable method may be applied for evaluation of image quality in CT images obtained for routine clinical practice.
Image sharpness was evaluated using Java-based image processing software available from the National Institutes of Health (Rasband WS. ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012.). 14 The DICOM image of the selected slice at the level of the carina was uploaded to ImageJ. Then, using a line tool with 3 pixel thickness, a straight line was drawn across the aorta mediolaterally, allowing the line to extend 5 mm distal to the aorta wall on each side. Attenuation values within this range were plotted against the distance (Fig. 2) . The mean slope of the plots on each side was calculated to obtain image sharpness. A higher slope represents higher image sharpness. 15 
Statistical Analysis
All analyses were performed using MedCalc version 12.2 software. Kolmogorov-Smirnov test was used to detect a normal Gaussian distribution. Normally distributed continuous variables were presented as mean ± SD (95% confidence interval). Aortic attenuation, image noise, SNR, and image sharpness for IRIS and FBP were compared using paired t test. A value of P < 0.05 was considered significant.
RESULTS
Aortic attenuation, image noise, SNR, and image sharpness for each tube voltage and tube current settings with FBP and IRIS as well as radiation dose at these settings are summarized in Table 1 . 
Aortic Attenuation
When data from both FBP and IRIS settings were taken into account, mean aortic attenuation was significantly higher at 80 kVp settings compared with that at 120 kVp settings, which were 278.2 ± 2.6 HU and 190.1 ± 1.9 HU, respectively (P < 0.0001).
When compared cumulatively at all tube voltages, aortic attenuations were similar for both FBP (233.9 ± 46.2 HU) and IRIS (234.3 ± 46.6 HU) (P > 0.05). When compared separately, aortic attenuations for both FBP and IRIS were similar at 80 kVp (P = 0.7531) and at 120 kVp (P = 0.9875).
Image Noise and SNR
There was an increase in image noise with a decreasing tube current (Fig. 3) . Image noise for both tube voltages was lower with IRIS compared with FBP (P < 0.0001). Image noise at 80 kVp was 51.06 ± 25.42 HU and 34.22 ± 17.09 HU, for FBP and IRIS, respectively (P = 0.0142) (Fig. 3) . Image noise at 120 kVp was 26.28 ± 12.56 HU and 15.90 ± 6.67 HU for FBP and IRIS, respectively (P = 0.0172).
Signal-to-noise ratios for both tube voltages were higher with IRIS (11.6 ± 4.7) compared with those with FBP (7.55 ± 3.28) (P < 0.0001). The SNR at 80 kVp with IRIS was similar to the SNR at 120 kVp with FBP (P = 0.196).
Image Sharpness
Images reconstructed with IRIS were sharper than images reconstructed with FBP (P = 0.046) (Fig. 4A, B) . At 80 kVp, the mean image sharpness values for FBP and IRIS were 0.93 ± 0.35 HU and 1.33 ± 0.04 HU, respectively (P = 0.04). Mean image sharpness values at 120 kVp for FBP and IRIS were 1.33 ± 0.08 and 1.35 ± 0.06 HU, respectively (P = 0.04).
Image Quality and Radiation Dose
Effective radiation doses increased with higher tube currents applied at both 80 and 120 kVp (Fig. 5) . The lowest image noise with FBP was 14.5 when imaged at 120 kVp/110 mAs setting (SNR = 13.1). A similar image noise level (14.4) was obtained at a lower mAs setting, with IRIS at 120 kVp/40 mAs setting (SNR = 13.4). Effective radiation dose levels were 4.13 and 
DISCUSSION
In the conventional FBP algorithm, a projection of the acquired raw data is formed and an initial image is produced by back projecting these new data. However, a so-called starlike blurring artifact occurs by this process and a filter is applied to eliminate this artifact. 7 In IRIS, on the other hand, the reconstruction process is on the forward direction. 8 Improvement of the image noise is maintained by correction loops that compares acquired data with the estimated data. Although iterative reconstruction was introduced in the early CT prototypes, it has not been generally applied in routine imaging until recently because of high computational power requirements. The development of new graphic processor units has made iterative reconstruction clinically available, whereas the reconstruction time for IRIS is only slightly longer than that for the FBP. 7, 16 Compared with the current filtered back projection reconstruction algorithm, this new technique may improve image quality with a reduced image noise. 9 In this study, we investigated the effect of iterative reconstruction with different tube voltage and current settings on image quality of thoracic aorta CTA. Results of this study demonstrate no significant difference in the aortic attenuation comparing different reconstruction algorithms. On the other hand, similar to previous studies, changing tube voltage affected aortic attenuation measurements. 17 Lowering tube voltage results in higher attenuation measurements because the photon energy at 80 kVp is closer to the K edge of iodine. 18 In our study, lowering tube voltage and/or tube current resulted in an increase in image noise. However, with the iterative reconstruction technique, the image noise was significantly lower than with the FBP technique in the same acquisition settings. There was an increase in image noise with FBP as tube current decreased, whereas an increase in image noise was compensated with IRIS. These results suggest that, compared with FBP, more acceptable image quality may be obtained with the iterative reconstruction technique when images are acquired with very low dose settings. Correspondingly, SNR was higher with iterative reconstruction. Signal-to-noise ratios at 80 kVp with IRIS were comparable to SNRs at 120 kVp with FBP. Considering these parameters as an objective method of image quality assessment, these results suggest that background noise was better compensated for by iterative reconstruction.
This study allows comparison of image quality and radiation exposure at different acquisition settings. Acquisition settings with the lowest image noise at 120 kVp/110 mAs revealed an image noise of 14.5 when FBP was used. Effective dose at this setting was 4.13 mSv. Comparable image noise of 14.4 was obtained with 120 kVp/40 mAs settings with iterative reconstruction. Despite the similar image noise, effective dose was 1.49 mSv at this setting. Even with a very low dose of 0.77 mSv at 80 kVp/75 mAs with iterative reconstruction, only a slightly higher image noise of 19.1 was observed. Our results suggest that low-dose CTA of the aorta can be performed at approximately 50% of the standard dose without affecting image noise and with increasing aortic attenuation when iterative reconstruction is used.
In a qualitative analysis by Winklehner et al, 19 a better image sharpness was obtained with iterative reconstruction. Our results are consistent with those of their study in achieving higher quantitative image sharpness with iterative reconstruction in all tube voltage and tube current settings. Although the difference in image sharpness with FBP and IRIS was smaller in higher radiation dose settings, this difference was more apparent at lower tube currents. It was also notable that the difference in image sharpness between FBP and IRIS algorithms was more prominent at 80 kVp.
Our study had limitations. In this phantom study, we evaluated only 2 kVp settings; the effect of kVp settings less than 80 kVp and more than 120 kVp may be of interest in pediatric and large adult patients, respectively. If the same trends of results on this study occur, it is expected that the use of iterative reconstruction may lead to lower image noise and higher SNR levels at any voltage when compared with FBP values for the same acquisition parameters. However, future studies assessing different kVp settings are warranted. Because it is not feasible to rescan human subjects with varying radiation dose settings in the same setting, we could not test our results in the clinical environment. As diagnostic confidence requirements for different pathologies of the thoracic aorta may vary, further studies to evaluate diagnostic quality of CT image acquisitions with other combinations of tube parameter adjustments are warranted. In addition, motion artifacts, such as breathing, were not evaluated in this phantom study. The possibility of these artifacts should be taken into consideration in future clinical studies. Furthermore, our study was focused on evaluation of different tube voltage and tube current settings with and without iterative reconstruction on high-contrast structures, such as the thoracic aorta. Studies evaluating the effects of these parameters on low-contrast structures are warranted.
